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ABSTRACT 



We report the results of H 13 CO + (1-0), CO(l-O), and 3.3 mm dust continuum 
observations toward one of the strongest mm- wave sources in OMC-3, MMS 7, 
with the Nobeyama Millimeter Array (NMA) and the Nobeyama 45 m telescope. 
With the NMA, we detected centrally-condensed 3.3 mm dust-continuum emis- 
sion which coincides with the MIR source and the free-free jet. The size and mass 
of the dusty condensation are 1500 x 1200 AU (P.A. ~ 170°) and 0.36 - 0.72 M 
(for Td ust = 26 - 50 K), respectively. Our combined H 13 CO + observations with 
the 45 m telescope and the NMA have revealed a disk-like envelope around MMS 
7 inside the H 13 CO + core. The size and the mass of the disk-like envelope are 
0.15 x 0.11 pc and 5.1 - 9.1 M (for T ex = 26 - 50 K), respectively. The combined 
map also shows that the outer portion of the disk-like envelope has a fan-shaped 
structure which delineates the rim of the CO(1-0) outflow observed with the 



1 Based on the observations made at the Nobeyama Radio Observatory, which is a branch of the National 
Astronomical Observatory, an interuniversity research institute operated by the Ministry of Education, 
Culture, Sports, Science and Technology. 
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NMA. The position-velocity (P-V) diagrams in the H 13 CO + (1-0) emission show 
that the velocity field in the disk-like envelope is composed of a dispersing gas 
motion and a possible rigid-like rotation. The mass dispersing rate is estimated 
to be (3.4 - 6.0) x 10~ 5 M Q yr _1 , which implies that MMS 7 has an ability to dis- 
perse ~10 M during the protostellar evolutional time of a few x 10 5 yr. One of 
the probable dispersing mechanisms is the associated molecular outflow, and an- 
other the stellar wind which has enough power (~76 L ) to drive the dissipation, 
(4.2 - 7.4) x 10" 3 L . The specific angular momentum of the possible rotation 
in the disk-like envelope is nearly two orders of magnitude larger than that in 
low-mass cores. The turn-over point of the power law of the angular momentum 
distribution in the disk-like envelope (< 0.007 pc), which is likely to be related 
to the outer radius of the central mass accretion, is similar to the size of the 3.3 
mm dust condensation. We propose that the intermediate-mass protostar MMS 
7 is in the last stage of the main accretion phase and that the substantial portion 
of the outer gas has already been dispersed, while the mass accretion may still 
be on-going at the innermost region traced by the dusty condensation. 

Subject headings: ISM: clouds — ISM: individual (OMC-2/3) — stars: formation 
- ISM: dense gas core and outflows — ISM: molecules — radio lines: ISM 

1. Introduction 

In the last two decades, developments of millimeter and submillimeter interferometers 
have enabled us to establish a standard scenario of low-mass star formation via disk ac- 
cretion processes (e.g. Hayashi et al. 1993, Saito et al. 1996, Myers et al. 2000). On 
the other hand, high- and intermediate-mass star-formation has not been clearly under- 
stood because of the complexity and the lack of observational studies, respectively. Since 
intermediate-mass star-formation is less complicated than high-mass star-formation, it would 
provide us a key to extend the low-mass scenario and to bridge a missing link between the 
high-mass and low-mass star formation. Particularly, it is important to verify the mecha- 
nisms and the differences of the destruction or dissipation of the natal dense cores between 
intermediate- and low-mass star formation, because these phenomena are related to the ter- 
mination of the mass accretion which determines the final mass of the central star (Nakano 
et al. 1995). A key to these questions is investigation of structures and kinematics of dense 
cores around intermediate-mass protostars. For these purposes, we have been conducting 
survey observations toward protostellar cores in the Orion Molecular Cloud -2 and -3 region 
(OMC-2/3), relatively close (d = 450 pc; Genzel and Stutzki 1989) and the most representa- 
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tive intermediate-mass star-forming region. We, here, report the results of one of the typical 
intermediate-mass protostars, MMS 7 in OMC-3, in the H 13 CO+(1-0), 12 CO(1-0) and 3.3 
mm continuum emission with the Nobeyama Millimeter Array (NMA) and the Nobeyama 
45 m telescope. The H 13 CO + (1-0) molecular line is one of the most appropriate tracers of 
dense gas, which has a high critical density (n cr it ~ 10 5 cm -3 ) and is usually detected toward 
low- to intermediate-mass protostellar envelopes (Takakuwa et al. 2000; Saito et al. 2001; 
Fuente et al. 2005). 

MMS 7 is one of the Class candidates identified by the 1.3 mm continuum observations 
toward OMC-3 (Chini et al. 1997). This object is also identified as CS012 by the 350 
/im continuum observations (Lis et al. 1998) and is associated with the IRAS point source 
05329-0508. The dust mass derived from the 1.3 mm continuum emission and the bolometric 
luminosity are 8 M and 76 L , respectively (Chini et al. 1997). This bolometric luminosity 
corresponds to ~ 3 M or a AO star at the ZAMS. Dense molecular gas around MMS 7 is also 
detected by H 13 CO + (1-0) observations (Aso. et. al. 2000). MMS 7 is also associated with 
a bright reflection nebula, Haro-5a/6a (Haro 1953), and 2MASS and mid-infrared sources 
are located at the root of the eastern reflection nebula (Nielbock et al. 2003). At MMS 
7, a giant molecular outflow (0.86 pc; Aso et al. 2000) is also observed along the east-west 
direction, and 2.12 /im H 2 v =1-0 5(1) knots are detected up to 1.45 pc to the western side 
(Yu et al. 1997; Stanke et al. 2002). In addition, there is a 3.6 cm continuum source 
elongated along the large-scale outflow, which traces a free-free jet from the protostar. The 
relative isolation of MMS 7 along with the above properties makes this source one of the 
most appropriate objects to investigate detailed spatial and velocity structures of a dense 
core around an intermediate-mass protostar. 



2. Observations and Data Reduction 

2.1. NMA Observations 

We have observed H 13 CO + (J=l-0; 86.754 GHz) and CO (J=l-0; 115.271 GHz) lines 
in MMS 7 with the six-elements NMA from 2004 November to 2005 March. Detailed NMA 
observational parameters are summarized in Table 1. Since the minimum projected baseline 
lengths of the H 13 CO + (1-0) and CO(1-0) observations were 2.9 and 6.3 kA, our observations 
were insensitive to structures more extended than 57" (0.13 pc) and 32" (0.07 pc) at the 10 
% level, respectively (Wilner and Welch 1994). The overall flux uncertainty was estimated 
to be ~ 15 percent. After the calibrations, we made final images only from the data taken 
under good weather conditions. We have CLEANed images with a natural weighting by 
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using Astronomical Image Processing System (AIPS) developed at NRAO 1 . 

The 3.3 mm continuum data with the D, C, and AB configurations was obtained simul- 
taneously with the H 13 CO + data by using a digital spectral correlator UWBC (Okumura 
et al. 2000), which has 128 frequency channels and a 1024 MHz bandwidth per baseline. 
Both the lower (87 ± 0.512 GHz) and upper (99 ± 0.512 GHz) sidebands were obtained 
simultaneously with a phase-switching technique. To obtain a higher signal-to-noise ratio, 
the data of both sidebands were added (effective frequency = 92 GHz). We have CLEANed 
the continuum data with a uniform weighting (see Table 2 and Section 3.1). 

2.2. 45 m Observations and Combining with the NMA Data 

Single-dish mapping observations of MMS 7 in the H 13 CO + (1-0) line were also con- 
ducted with the 5x5 SIS array receiver BEARS equipped in the 45-m telescope on 2005 
April. At 87 GHz, the half-power beamwidth (HPBW) and the main-beam efficiency of the 
45 m antenna were 18". 5 and 0.5, respectively. We observed the 190" x 190" area (corre- 
sponding to 0.43 pcx0.43 pc) centered on the NMA field center with a grid spacing of 8". 2. 
The temperature scale was determined by a chopper-wheel method, which provides us the 
antenna temperature corrected for the atmospheric attenuation. As a backend, we used an 
auto correlator with a frequency resolution of 31.12 kHz, corresponding to 0.11 km s _1 at 
the H 13 CO + frequency. We applied scaling factors to correct for variations of the gain and 
the DSB ratio in each beam, which were measured by the Nobeyama Radio Observatory and 
the typical value was ~1.5. The typical system noise temperature in DSB mode was 240 K 
at the elevation of 70°. The typical noise level was 0.1 K in T£. The telescope pointing was 
checked every ~ 90 minutes by five-point cross scans in the SiO(t> =1, J=l-0) maser emission 
from Orion KL [RA. = 5 h 35 m 14.5 s Dec = -05 d 22 m 30.4 s (J2000)] using the 40-GHz 
SIS receiver. The pointing error ranged from 1" to 5 " during the observing run. 

After the calibrations of the 45 m and NMA data, we combined each data set in the 
H 13 CO + (1-0) line using MIRIAD (we followed the instruction presented by Takakuwa et 
al. 2003a) to fill the missing short-spacing information of the interferometric data from the 
single-dish data and to obtain more feasible images. Our data taken with the 45 m telescope 
and the NMA show a discrepancy of the amplitude scale at the overlapping uv distance 
(2.8 - 6.2 kA). In order to compensate this discrepancy, we multiply the 45 m amplitude 
by a scaling factor of 1.4, which was derived from the amplitude of these uv data at the 



1 NRAO is facility of the National Science Foundation operated under cooperative agreement by Associated 
Universities, Inc. 
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overlapping uv distance. We consider that causes of the discrepancy are the degradation 
of the main-beam efficiency under windy conditions and the uncertainty of the DSB ratio 
of BEARS. We have CLEANed the combined images by uniform weighting. The combined 
synthesized beam has a size of 5". 81 x 3". 95 (2600x1800 AU) with a position angle of -24.26 
°. Figure ?? compares the integrated intensity maps created with the 45m data (middle), 
NMA data (bottom left) and the combined map (bottom right). By combining the single- 
dish and the interferometric data, we succeeded to remove deep negative bowls seen in the 
NMA map (bottom left) and recover extended emission in the dense-gas filament, which 
is important to discuss the spatial and velocity structure without any problem of missing 
fluxes. 



3. RESULTS 



3.1. Millimeter Continuum Images of the Inner Dusty Condensation 

Figure ?? shows the 3.3 mm continuum emission observed with the NMA (white con- 
tours) superposed on the 2MASS K's-band image. Different NMA maps in Figure ?? were 
made from different sets of the visibility data whose parameters are listed in Table 2. We 
have detected the intense 3.3 mm continuum emission toward MMS 7. Although the peak 
position of the 3.3 mm source appears to be shifted from the 1.3 mm emission peak by 2.7" 
(Chini et al. 1997; See Figure 2), the positions of these two sources are consistent within the 
expected positional error of the 1.3 mm observations (±5") (Chini et al. 1997). The 3.3 mm 
source is located at the root of the K's reflection nebula and also coincides with the 8 and 24 
/im compact source observed with SPITZER/IRAC and the 3.6 cm ionized jet (Reipurth et 
al. 1999, 2004) and therefore, this source is considered to be a deeply embedded protostar. 

On the assumption that the dust emission is optically thin at 3.3 mm and the distribution 
of the dust temperature is uniform, we can estimate the mass of the dusty condensation by 



F\d 2 

Mdust = K R (T — V ^ 

K\£>\{-L dust J 

where K\ is a mass-absorption coefficient of dust grains, B\(T) is a Planck function, F\ 
is a total flux density of the continuum emission and d is a distance to MMS 7 (450 pc; Genzel 
and Stutzki 1989). The total flux of the 3.3 mm continuum emission, 23.82 mJy, includes 
the contribution from the free-free jet. On the assumption that the spectral index of the 
free- free jet is ~0.6 (Anglada. et. al. 1998; Reynolds, S. P. 1986), the expected flux density 
of the free- free emission at 3.3 mm becomes 2.47 mJy based on the 3.6 cm flux density of 
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0.59 mJy (Reipurth et al. 1999). Thus, the flux density attributed to the dust emission is 
21.35 mJy at 3.3 mm. Adopting the dust opacity of K\ = 0.037 cm 2 g _1 (A/400 / um) /3 (Ohashi 
et al. 1996), f3 — 1.0 which is calculated from the 1.3 mm and 3.3 mm total fluxes and T^ ust 
= 26 - 50 K (Chini et al. 1997; Johnstone et al. 2003), we estimate the mass of the dusty 
condensation to be 0.36 - 0.72 M . 

Figure ??c was made only from the visibility data taken at > 30 kA (See Table 2). In the 
higher resolution image, we see an elongated structure along the NE-SW direction. This NE- 
SW elongation may imply the presence of a binary with a separation of ~ 1".9 (corresponds 
to 830 AU). However, there is no infrared or cm counterpart toward the extension of the 3.3 
mm emission, and more plausible interpretation is that the faint continuum feature traces the 
hot and dense region heated by the associated outflow, since the direction of the elongation 
of the 3.3 mm emission is similar to the direction of the 3.6 cm fine-scale jet. 

3.2. Bipolar Outflow associated with MMS 7 

Figure ??a shows the distribution of the blueshifted (Vlsr=7.0 to 8.7 km s _1 ) and 
redshifted (Vlsr=12.1 to 13.8 km s _1 ) 12 CO(1-0) emission in MMS 7 superposed on the 
2MASS K's-band image. Here, we adopt the systemic velocity of 10.6 km s _1 obtained 
from the single-dish H 13 CO + (1-0) spectrum. The outflow is elongated along the east-west 
direction and roughly aligned with the direction of the free-free jet (Reipurth et al. 1999). 
Both the blue- and red-shifted components are seen at the east and west side of MMS 7, which 
suggests that the axis of the bipolar outflow is near the plane of the sky. Furthermore, the 
outflow shows an asymmetric structure with the stronger red- and blue-shifted components 
at the eastern side. 

Figure ?? shows velocity channel maps in the 12 CO(1-0) emission with a velocity interval 
of 0.6 km s -1 . The red-shifted component in the velocity range of Vlsr=H-6 to 13.3 km s _1 
was already detected with the BIMA and the FCRAO 14 m telescope (Williams et al. 2003). 
The distribution of this component is consistent with that found by their observations. We 
have newly detected other components in the velocity range from Vlsr=7.6 to 11.0 km s -1 . 
High-velocity blue-shifted components in the velocity range of Vlsr=7.6 to 8.7 km s _1 are 
seen at the eastern side of MMS 7. Particularly, the strong and compact CO component is 
evident at the position of the K's-band nebula which is most likely illuminated by MMS 7. 
The strong blueshifted and redshifted components are only seen at the eastern side. These 
results suggest that the 12 CO(1-0) bipolar outflow is slightly inclined from the plane of 
the sky and the western components are hidden by the disk-like envelope, i.e. the eastern 
blue-shifted components is located near-side. This is supported by the fan-shaped brighter 
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reflection nebula at the eastern side than that at the western side (See Figure 1). Figure 
11 shows the distribution of the high-velocity 12 CO(3-2) emission observed with the ASTE 
telescope (Atacama Submillimeter Telescope Experiment). The large-scale outflow (~1 pc) 
also has the same configuration as that of the small-scale outflow observed with the NMA in 
the 12 CO(1-0) emission, i.e. the blue lobe is located at the eastern side and the red lobe at 
the western side. The detailed interpretation of the CO (3-2) outflow taken with the ASTE 
telescope will be the subject to the forthcoming paper. 

3.3. H 13 CO+(J=1-0) emission 

Both the Single-dish (Figure 11a) and interferometric (Figure lib) maps in the H 13 CO + (l- 
0) emission show an fan-shaped structure, which is approximately perpendicular to the as- 
sociated bipolar outflow, and is also seen in the single-dish 1.3 mm and 350 /im continuum 
emission (Chini et al. 1997; Lis et al. 1998). The interferometric image, Figure lb, shows 
an elongated disk-like envelope associated with MMS 7 (we use the term "disk-like envelope" 
as the compact structure detected with the NMA). The size of the disk-like envelope is esti- 
mated to be 30000x21000 AU (0.15x0.11 pc). The combined image, Figure lc, reveals that 
the disk-like envelope observed with the NMA is embedded in the extended dense gas halo 
observed with the 45 m telescope. 

Figure 36 and c compare the morphology of the disk-like envelope to that of the 2 /im 
and 8 /im emission, respectively. The distribution of the extended near- and mid-infrared 
emission seems to be anti-correlated with that of the disk-like envelope. Particularly, the 
local emission maximum in the disk-like envelope correspond to the local minimum in the 
8 /j,m map and vice versa. The central point source in the 8 fim emission, which coincides 
with the 3.3 mm point source and therefore the protostellar source of MMS 7, is not located 
at the peak of the disk-like envelope and is shifted to the eastern side (see Figure 11c). One 
interpretation to explain this offset is that the warm and dense dusty condensation in the 
vicinity of the protostar does not reside at the peak of the molecular column density traced 
by the H 13 CO + emission. 

Table 3 summarizes physical properties of dense gas around MMS 7 derived from the 
45m and NMA combined data. Assuming that the H 13 CO + emission is optically thin and 
the distribution of the excitation temperature is uniform, we estimated the LTE mass as 
follows, 

M LTE [M S ] = 2.03X10- (%jt) exp (g) (^jggEj) JMV [Jy km .-], 

(2) 
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We adopt T ex =26-50 K (Chini et al. 1997; Johnstone et al. 2003), and X [H 13 CO+] ~ 
1.4xl0 -10 derived from the comparison of the estimated H 13 CO + column density and the 
C 18 column density (Chini et al. 1997) . 

Figure ?? shows NMA velocity channel maps in the H 13 CO + (1-0) emission at a velocity 
interval of 0.26 km s -1 . The blue-shifted emission, VLsr=9. 3-9.8 km s -1 , is seen at the south- 
western part of the 3 mm dust peak. Close to the systemic velocity of Vlsr=10.6 km s -1 , the 
peak position of the blue-shifted emission shifts from south-west to west. The red-shifted 
emission, Vlsr=10.8-11.5 km s _1 , is seen at the northern part of the 3 mm dust peak. 
This velocity gradient along the major axis of the disk-like envelope implies the rotational 
motion. We also note the velocity gradient along the minor axis, i.e. the strong blue-shifted 
component in the velocity range of \4sr— 10. 2-10.4 km s _1 is located at the western part 
of the protostar, while there appears weak red-shifted extension in the velocity range of 
Vlsr=10.6-11.3 km s" 1 at the eastern side of the protostar. The fan-shaped structure in the 
total integrated intensity map of Figure??^ is also confirmed in the velocity channel maps 
in the range of VLsr = 10.2 -10.4 and 10.8-11.3 km s _1 . 



3.4. Another YSO candidate; MMS 7-NE 

We have also detected a weak 3.3 mm continuum source at 3.8 a level toward ~ 40" 
northeast of MMS 7 (see Figure ??a; hereafter we call this component MMS 7-NE). The peak 
position and the total 3.3 mm flux of this source are estimated to be RA= 05 /l 35 m 28.2 s , Dec= 
-05 o 03'41.1" (J2000) and 6.81 mJy, respectively, from the 2-dimensional Gaussian fitting to 
the image. This source is also seen as a point source in the K's image, and 8/im and 24/im 
sources taken with the SPITZER/IRAC (see Figure 3). This source was also detected to be 
a very compact 350 /xm dust component by Lis et al. (1988) with CSO, which locates at the 
southeast of CSOll, although they did not identify this object. The 3.3 mm continuum flux 
corresponds to 0.04-0.30 M 2 assuming f3 — — 1, T dust = 20 K and gas-to-dust ratio of 
100. 

MMS 7-NE is associated with the weak H 13 CO + emission (Figure 16, c or Figure 3). 



2 No cm source was detected toward this source in the cm observations by Reipurth et al. (1999). Thus, 
we estimated the upper limit of the possible contribution from the free-free emission at 3.3 mm. Given the 
rms noise level of 40 /iJy, the 3 sigma upper limit of the 3.6 cm total flux (3 sigma level) is 0.12 mJy. Thus, 
if we assume the spectral index of 0.6, the contribution from the free-free emission at 3.3 mm is 0.49 mJy, 
which is less than 5% of the total flux of the 3.3 mm continuum emission at MMS 7-NE (6.81 mJy). We can 
probably ignore the possible contribution. 
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The 12 C0 emission is also seen toward MMS 7-NE (see Figure 11 in the range of Vlsr = 
8.2 to 10.4 km s _1 ), implying the association of the molecular outflow. We note that MMS 
7-NE has a smaller scale (10 4 AU scale) outflow, suggesting that it has little influence to 
destruct the MMS 7 disk-like envelope. 

MMS 7-NE is likely to be a more evolved protostar than MMS 7, because there is a 
diffraction ring in the 8 /iin image which suggests the presence of point source (i.e. no scat- 
tering material) and a K's-band counterpart of this source. Alternatively, the circumstellar 
material around MMS 7-NE has already been swept up by the outflow from MMS 7, revealing 
the central stellar object of MMS 7-NE. 

4. DISCUSSION 

Our new observations in the H 13 CO + line have revealed systematic velocity structures in 
the disk-like envelope around the intermediate-mass protostar of MMS 7. In the subsequent 
sections, we will discuss the gas kinematics in the disk-like envelope and the difference from 
that in low-mass counterparts using position-velocity (P-V) diagrams. 

4.1. Radial Velocity Structure of the Disk-like Envelope 

4-1.1. P-V diagram 

We show a P-V diagram along the minor axis of the disk-like envelope in Figure lib. 
In the P-V diagram, there are at least two components; one is an eastern component at 
the velocity range of Vl S r=10.7 to 11.5 km s _1 ((i) in Figure lib) and the other western- 
component at the velocity of Vlsr=9.6 to 10.9 km s" 1 . The western component is associated 
with the 3 mm dust continuum emission (vertical solid line in Figure 7b). In this component, 
"X-shape" velocity structures are discerned in the P-V diagram. One of the X-shaped 
velocity structures as indicated by (ii) in Figure lib shows blue-shifted emission (Vlsr=9-6 
to 10.0 km s _1 ) at the west of the protostar and red-shifted emission (VLsr=10.6 to 10.9 km 
s _1 ) at the east of the protostar. The sense of this velocity structure is opposite to that of 
the associated molecular outflow. On the assumption that the H 13 CO + emission traces the 
flattened disk-like envelope which is perpendicular to the associated outflow, this velocity 
structure can be interpreted as an expanding motion in the flattened disk (e.g. Kitamura 
et al. 1996). The other velocity structure in the X-shape, with two components at the 
velocity range of Vlsr=9.9 to 10.4 km s -1 (blueshifted; (iii)-l in Figure lib) and Vlsr=10.5 
to 11.0 km s~ x (redshifted; (iii)-2 in Figure lib), has the same velocity sense as that of the 
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associated outflow. These two components are located outside the central condensed gas, 
suggesting that these components are not associated with the central protostar. Thus, it is 
natural to interpret that these gas components trace swept-up dense gas by the associated 
outflow perpendicular to the disk-like envelope. A similar example has also been reported 
from observations in LI 228 (Taffala et al. 1994). They detected a velocity shift in the 
high-density tracer of the C3H2 (2i2 - loi) emission, which has the same velocity sense as 
that of the associated CO bipolar outflow, and they interpreted this shift as an interaction 
between the dense core and the high- velocity outflow. The eastern component, indicated 
by (i) in Figure 7, is located at 25" east of the continuum peak position and is a part of 
the fan-shaped structure seen in the combined total intensity map. We interpret that this 
component is remnant dense gas interacting with the associated molecular outflow. 

In summary, the P-V diagram can be interpreted as a mixture of the dispersing gas 
along the disk-like envelope and the interacting dense gas with the associated outflow per- 
pendicularly to the disk-like envelope. Presumably due to the insufficient spatial resolution, 
an infall gas motion in the protostellar source of MMS 7 has not been clearly identified in 
our observations. 



4-1.2. Properties of the Dispersing Disk 

The velocity structure of the disk-like envelope shows a dispersing gas motion as dis- 
cussed in the last section. The virial mass of the disk-like envelope is estimated to be 23-30 
M Q assuming D cnv = 0.15 pc, T cnv = 26 - 50 K, and Av = 1.0 km s _1 , which is larger than 
the LTE mass of the disk-like envelope (5.1 - 9.1 M Q ). This result suggests that the disk-like 
envelope is gravitationally unbound, supporting our interpretation of the dispersing gas mo- 
tion. We can estimate physical parameters of the dispersing motion, such as an expanding 
velocity (V cxp ), momentum (P e x P ), expanding energy (E cxp ), and mechanical power (Zv ex p), as 
Kx P (= Knax) = 1.2 km s-\ P CX p = M\/ max M km s" 1 , E cxp = MVIJ1 M km 2 s" 2 , and 
L cxp = MV^ iax /2R L . We adopt the disk inclination angle from the plane of the sky to be 
% ~ 80°, which is consistent with the morphology of the CO outflow and the reflection neb- 
ula. Table 4 lists the estimated physical parameters of the dispersing motion. The dispersing 
envelope has also been observed in the 13 CO(1-0) emission around a low-mass YSO of DG 
Tau (Kitamura et al. 1996). We compare physical parameters specified in the dispersing 
process of MMS 7 to those of DG Tau in Table 4. These parameters of MMS 7 are two 
orders of magnitude larger than those in DG Tau. The interferometric observations of DG 
tau may suffer from the problem of the missing flux, which prevents us from making a direct 
comparison of these parameters. However, even if the interferometric observations recover 
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only 10 % of the total flux from DG Tau, these parameters of MMS 7 are still one order of 
magnitude larger than those in DG Tau. These results suggest that the intermediate-mass 
protostar of MMS 7 has more active dispersing processes than low-mass counterparts. 

There are recent studies on the dispersing gas motion around Herbig Ae/Be stars (Fuente 
et al. 2002). Their studies show that intermediate- mass stars disperse > 90 % of the total 
mass of the parent core during the protostellar phase. Particularly, these objects which have 
a spectral type later than B6 evolve with the substantial dispersing material, 3-80 M , 
in the protostellar phase. We, here, define the mass-dispersing rate (mass loss rate) which 
is M out ~ M cnv -V cxp /R cnv = (3.4 - 6.0) xlO" 5 M yr -1 . This value implies that MMS 7 
has an ability to disperse a mass of 0.9-1.5 M during the outflow dynamical time scale of 
2.5 xlO 4 yr, which is estimated from the ASTE data. We speculate that the intermediate- 
mass protostar of MMS 7 will keep dispersing substantial circumstellar material during the 
protostellar phase and will eventually be a Herbig Ae star in r < a fewxlO 5 yr, as proposed 
by Fuente et al. (2002). 

4-1.3. Driving Mechanisms of the Dispersing Disk 

What is the mechanism of the dispersing process in the disk-like envelope ? One of the 
probable candidates is the associated bipolar outflow, which is blowing away the material 
along the outflow axis and at the surface of the disk-like envelope. There is a twisting 
structure near the center of the reflection nebula Haro-5a/6a in the K's-band seen in Figure 
??, and several knots (at least three components) in the red-shifted CO (3-2) emission in 
Figure ?? (a),(b) denoted by the dashed-blue line. The connected trajectory of those emission 
peaks shows a wiggled structure. These results suggest that the precessing bipolar outflow 
from MMS 7 is able to destruct the surface of the disk-like envelope in the east-west direction 
with a wide opening angle. The importance of bipolar outflows in the dispersal of ambient 
gas around low-mass protostars has already been pointed out by previous studies (Ohashi et 
al. 1997a; Velusamy & Langer 1998; Takakuwa et al. 2003b) . Takakuwa et al. (2003b) has 
reported a dispersing low-mass protostellar core around IRAM 04191+1522. The detected 
blueshifted CH3OH components (see BLUE1 and BLUE2 of Figure 3 in Takakuwa et al. 
2003b) are most likely to be formed in consequence of the interaction between the outflow 
and the ambient dense gas surrounding the protostar and pushed away from the natal cloud 
core. 

In addition, there is a possibility that the stellar wind from the central protostar mainly 
contributes to the dispersion along the direction which is perpendicular to the outflow. A 
low-velocity wind (~100 km s -1 ) with a wide opening angle, (~100°) is detected toward 
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a low-mass protostar L1551 IRS 5 (Pyo et al. 2002, 2005). There are also studies on 
the stellar wind around Herbig Ae/Be stars, which show the derived mass- loss rate in the 
ionized gas ~10~ 8 - 10~ 7 M Q yr -1 (e.g. Skinner et al. 1994). Therefore, it is possible that 
the stellar wind from MMS 7 drives the mass dispersion with the estimated rate of (3.4 - 
6.0) xlO -5 M Q yr -1 . In fact, the bolometric power of MMS 7 is 76 L , much larger than the 
mechanical luminosity of the dispersing motion, L cxp = (4.2 — 7.4)xl0~ 3 L Q (see Table 4), 
and is energetically sufficient to drive the expanding motion. 



4.2. Rotating Envelope 

The P-V diagram along the major axis in Figure ??c shows that the velocity of the disk- 
like envelope increases with distance up to 5200 AU from the center. One of the possible 
(and simple) interpretations of this velocity gradient is rigid rotation in the disk-like envelope, 
although, it is difficult to clearly discern it owing to the mixture of the kinematics of the 
filament /core/envelope. Assuming the disk inclination of 80° and the radius of 5200 AU, the 
timescale of the rigid rotation in this flattened disk is estimated to be 1.5 x 10 5 yr, which is 
much longer than the outflow dynamical time scale of 2.5 xlO 4 yr. 

Red and blue plots in Figure ?? show the local specific angular momentum in the disk- 
like envelope as a function of the radius around MMS 7. Our data demonstrate the angular 
momentum distribution on a size scale of 0.007 — 0.02 pc (corresponding to 1500 - 4700 AU) 
inside the single source. For comparison, we also plot the angular momentum of low-mass 
dense cores and circumstellar disks (Ohashi et al. 1997b, Goodman et al. 1993). The value 
of the specific angular momentum around the MMS 7 is nearly two orders of magnitude 
larger than that of the low-mass counterparts at the same size scale. The specific angular 
momentum distribution of the disk-like envelope around MMS 7 has a power-law index of ~ 
1.8 which is closer to the index of rigid rotation, that is, 2.0. On the other hand, the specific 
angular momenta of low-mass NH 3 cores observed by Goodman et al. (1993) are fitted by 
a power-law index of ~ 1.6 as indicated by a dashed line in Figure ??. Furthermore, we 
note that there is no clear turn-over point of the power-law in the plot of MMS 7 as the 
low-mass case, which suggests that the turn-over point is smaller than that of low-mass 
NH-3 cores (~ 0.03 pc) and is smaller than 0.007 pc, on the assumption that the value of 
the specific angular momentum at the innermost part of MMS 7 is the same as that of the 
low-mass value. The turn over point of the power law indicates the minimum size of the 
rotation where the specific angular momentum is not constant as a function of radius. At the 
dynamical collapsing region, the specific angular momentum should be constant in the entire 
radius. Therefore, the turn-over point can be considered as a starting point of the dynamical 
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collapse toward the central protostar (Ohashi et al. 1997b). From these considerations, we 
suggest that the infalling radius in MMS 7 is smaller than that of low-mass counterparts. 
If dynamical collapse in MMS 7, if any, follows the inside-out collapse model (Shu, F. H. 
1977), the smaller infalling radius implies that the period passed after the accretion started 
is shorter than that of low-mass cores (a few xlO 5 yr). 

4.3. Evolutional Stage of the Intermediate-mass Protostar MMS 7 

The disk-like envelope, with the fan-shaped structure and the expanding motion around 
MMS 7, has a larger dispersing activity than that of low- mass cores (see section 4.1). MMS 
7 has a large-scale (~1 pc) active CO outflow (Figure ??) which has a dynamical time scale 
of Td yn ~2.5xl0 4 yr. These observational results suggest the presence of the significant mass- 
loss activity in the intermediate-mass protostar of MMS 7. Then, is there any mass supply 
onto the central star from the surrounding gas around MMS 7 ? In this subsection, we will 
discuss a possibility of the presence of mass accretion and the evolutionary stage of MMS 7. 

Although an infall motion is not clearly seen in our H 13 CO + observations, the presence of 
the molecular outflow implies the existence of the mass accretion toward MMS 7 (Bontemps. 
et.al. 1996). To make a 3 M protostar of MMS 7, a large accretion rate (M ~ 1.2 x 
10~ 4 M yr -1 ) is required over the outflow dynamical time (we, here, assume that Td yn ~T* 
and constant M). We found the smaller turn-over radius of the specific angular momentum 
distribution, which implies that the radius of the infalling region, < 0.007 pc (1500 AU), 
is smaller than low-mass counterparts. The size of the dusty condensation around MMS 7, 
1500 x 1200 AU, is similar to the inferred radius of the infalling region. Thus, it is possible 
that inside the dusty condensation, where the present spatial resolution is not high enough to 
trace the internal velocity structure, there is a substantial material which is accreting onto 
the central protostar. These considerations suggest that the intermediate-mass protostar 
MMS 7 is formed with higher mass-accretion and mass-loss rates than those of low-mass 
counterparts. 

The small infalling radius if present, short dynamical time of the outflow, and the pres- 
ence of substantial circumstellar material, could imply that MMS 7 is in the early evolutional 
phase. On the other hand, our observational results show the energetic dispersing activity. 
Therefore, the early phase intermediate-mass protostar MMS 7 is already dispersing the 
surrounding envelope. Future interferometric observations with higher spatial resolution is 
required to investigate details of the innermost accreting region around MMS 7. 
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5. 

We have carried out H 13 CO + (1-0), CO (1-0) and 3.3 mm dust-continuum observations 
toward the intermediate-mass protostar of MMS 7 in OMC-3 with the NMA and the NRO 
45 m telescope. Figure ?? shows the schematic picture of MMS 7 region and the main results 
are summarized as follows: 

1. We detected a centrally-condensed 3.3 mm continuum source which is consistent with 
the 1.3 mm and SPITZER source. The size and mass of the centrally-condensed compo- 
nent are 1500 x 1200 AU (P.A. ~ 170°) and 0.36 - 0.72 M , respectively. This 3.3 mm 
source is most likely to be an associated dusty condensation around the intermediate- 
mass protostar of MMS 7. We have also identified a new 3.3 mm continuum source, 
MMS 7-NE, whose mass is estimated to be 0.04 - 0.30 M . 

2. The H 13 CO + emission is distributed surrounding the 3.3 mm dust-continuum emission 
and has fan-shaped structure at the rim of the the bipolar outflow, suggesting the 
presence of the interacting region. Our combined 45 m and NMA data have revealed 
a disk-like envelope inside the dense H 13 CO + core. The size and the mass of the disk- 
like envelope are 0.5 x 0.11 pc (P.A. ~ 0°) and 5.1 - 9.1 M Q (for T ex = 26 - 50 K), 
respectively. 

3. We found that the disk-like envelope around MMS 7 is being dispersed. The momen- 
tum, expanding energy, and mechanical power of the dispersing envelope are much 
larger than those of low-mass dispersing envelopes. The disk-like envelope has a quite 
large mass-dispersing rate of (3.4 - 6.0) x 10~ 5 M Q yr _1 and this result implies that 
MMS 7 has an ability to disperse the substantial mass (~ 10 M ) during the protostel- 
lar evolutional phase (~ a fewxlO 5 yr). The mechanism of the dispersing gas motion 
is considered to be the effect of the associated CO bipolar outflow and the stellar wind 
from the protostar. 

4. We also detected a velocity gradient in the disk-like envelope from an P-V diagram 
along the major axis. The specific angular momentum inside the disk-like envelope is 
nearly two orders of magnitude larger than that in low-mass NH3 cores at same size 
scale. The power-law index of the angular momentum distribution inside the envelope 
is estimated to be 1.8, which is closer to the index of a rigid rotation (= 2.0). In 
addition, we note that a turn-over point of the power-law in the disk-like envelope is 
< 0.007 pc. This result suggests that the infalling radius is smaller than 0.007 pc, 
which is similar to the size of the 3.3 mm dust condensation. The presence of the 
significant mass-loss activity (dispersing envelope and molecular outflow) implies the 
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presence of the mass supply onto the central star from the surrounding gas around 
MMS 7, i.e. MMS 7 is formed with the higher mass-accretion and mass-loss rate that 
those of low-mass counterparts. 
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Table 1: Parameters for the NMA Observations 





l\/T/"il(^r , n 1 v T ,iTif} 

1V1U1CL. LilCll J-JlllC 




Pq "tq rnpf pr 
J. CXI CllllC uCl 


H 13 CO+(1-(V) 

-L-L V V / IX W 1 


COfl-O"! 


vjuiiii^ ill dijivjii 


LJ ; V. ClllU. illJ 


n 

1 J 


Rasplinp FkAl 

1 J < K OV 1111V -LV / \ 


2.9 - 115 


6.3 - 27.4 


Phase reference center (J2000) 


R.A. = 05 h 35 m 26.4 s , Dec = 


-05° 03' 53.4" 


Primary beam HPWB [arcsec] 


77" 


62" 


Synthesized Beam HPBW [arcsec] 


&'. 77 x 4".33 (PA.=-21°.35) 6".04 >< 


: 4". 74 (PA.=-11°.42) 


Velocity resotion [km s -1 ] 


0.11 km s -1 


0.08 km s -1 


Band width [MHz] 


32 




Gain calibrator b 


0531 + 135 




Passband calibrator c 


3C454.3, 0423-013 


3C273 


Flux calibrator d 


3C454.3, 0531+134 


3C454.3 


System temperature in DSB [K] e 


150 - 300 


100 - 400 


Rms noise level [Jy beam -1 ] 


0.69 


0.48 



a D and AB are the most compact and sparse configurations, respectively. 
fc A gain calibrator, 0530+135, was observed every 20 minutes. 

c Thc passband observations were archived by 40 minute observations of each calibrator. 

d Thc flux of each calibrations was determined by the observations of the primary calibrator, Uranus. 

e The system noise temperature of SIS receiver were measured toward the zenith. 



Table 2: Parameters of the Figure 2(a), (b) and 2(c) 



Parameter Figure 2(a),(b) Figure 2(c) 

Baseline [kA] 2.9 - 115 30 - 115 

Weighting Uniform Uniform 

Beamsize (HPBW) [arcsec] 2".47 x 2".04 1".83 x 1".60 

PA. of the beam [°] -10.86 -1.79 

Rms noise level [Jy beam -1 ] 8.37e-04 1.23e-03 

Total flux density [mJy] (> 3a) 23.82 21.20 

Deconbolution size [arcsec] 3.40(±0.185) x 2.68(±0.146) 2.86(±0.299) x 2.29(±0.239) 

PA. of the component [°] 170.621 ± 9.2 161.262 ± 18.464 
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Table 3: Physical Properties of the H 13 CO+ (1-0) Components 





Size c 


jV H2 d 


Mlte 


Component 


(AU) 


(xlO 22 cm" 2 ) 


(M ) 


Disk-like envelope 11 


30000 x 21000 


7.3 (13.0) 


5.1 (9.1) d 


MMS 7-NE b 


2600 x 1800 


2.4 (4.3) 


6.6xl0~ 2 (1.2X10- 1 ) 



a We use a flux above 9 a level in the 45 m and NMA combined map 
b We assume that the H 13 CO + gas extends similar to beamsize. 
c Assuming that d=450 pc 

^Derived from T cx =26 K (50 K) and A[H 13 CO+] = 1.4x 10" 10 (Chini et al. 1997, Johnstone et al. 2003) 
e Derived from T cx =20 K and X [H 13 CO+] = 1.4xl0- 10 



Table 4: Physical Parameters of the Dispersing Core 



Parameter 


MMS 7 a 


DG Tau b 


M env (M ) 


5.1 c 9.1 d 


0.03 


P cxp (M km s- 1 ) 


6.2 11.1 


0.05 


E cxp (M km 2 s- 2 ) 


3.8 6.8 


0.03 


L exp (10- 3 L ) 


4.1 7.4 


0.6 



a Assuming that disk inclination is 80° 

fc Rcffer from Kitamura et al. 1996 observed with the NMA data 
c Derived from T cx = 26 K (Chini et al. 1997) 
^Derived from T ox = 50 K (Johnstone et al. 2003) 
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